A year-long series of monthly experiments with laboratory enclosures were conducted with water from Blanes Bay (NW Mediterranean) to analyse the change in the short-time response of the osmotrophic planktonic community to simulated turbulence and nutrient input events. Both experimental factors triggered a relative increase of biomass in the enclosures, in terms of chlorophyll a, bacteria and particulate organic matter. Ratios of particulate organic nitrogen to phosphorus became lower in the water than in the sediment, although turbulence partially smoothed out this difference. Initial physico-chemical conditions significantly influenced the short-time responses to experimental forcing. The response to turbulence, in terms of chlorophyll a, was maximum in spring. The response to nutrient enrichment was found to be seasonal, and was correlated with photoperiod and temperature, and also in situ nitrate and silicate concentrations and Secchi depth, which are proxies of recent inputs of nutrients resulting from episodes of resuspension and river discharge. This study shows robust qualitative regularities in the response of the osmotrophic planktonic community to episodes of turbulence and nutrient enrichment, with quantitative variability throughout the year, depending mostly on the recent record of hydrodynamic forcing.
I N T RO D U C T I O N
The dynamics of plankton in coastal areas is related to the variability in external energy supply (Margalef, 1978) . In the upper layer of the ocean, the input of mechanical energy is due to many different processes, such as winds, tides, surface wave breaking or Langmuir circulations (Gargett, 1989 ). This energy fuels turbulence that manifests across a wide range of spatiotemporal scales, from those of energy input to those of dissipation as heat. As a consequence, the effects of turbulence on planktonic organisms operate at different scales (e.g. Kiørboe, 1993; Marrasé et al., 1997) .
At the largest scales of energy input, on the order of tens of metres to hundreds of kilometres, turbulence is a key factor in explaining the distribution of phytoplankton with respect to their resources, namely nutrients and light (e.g. Sverdrup, 1953; Huisman et al., 2002) . Mixing enhances the diffusion of nutrients from nutrient-rich bottom layers, and may alter the light regime experienced by the phytoplankton cells. Large eddies can also keep planktonic organisms in suspension within the mixed layer (Ross, 2006) , favouring those cells with high settling velocities, such as diatoms and large non-motile cells in general, over those that may control their position into the water column by swimming, as is the case for dinoflagellates. In coastal waters, the input of external energy may be associated with nutrient loading, because stormy weather, which translates into strong winds and high waves, often implies rains that produce episodes of terrestrial runoff. In shallow coastal waters turbulence can, in addition, increase the flux of nutrients from the sediments (Dade, 1993) .
These large scale motions break into progressively smaller eddies without significant loss of kinetic energy. As eddies get smaller, viscosity becomes more important, until they reach the Kolmogorov length scale, where the viscous forces equal the inertial ones. Below this scale, energy starts to be dissipated as heat, eddies are no longer formed, and the fluid velocity field is characterized by a laminar shear, changing randomly in direction and intensity. Kolmogorov scales typically range from centimetre to millimetre. At these small scales and below, the direct effects of turbulence on planktonic organisms have been seen to derive from four main processes: (i) an increase in uptake rate of nutrients (Lazier and Mann, 1989; Karp-Boss et al., 1996; Peters et al., 2006) , (ii) an increase in the encounter rates between particles (Rothschild and Osborn, 1988) potentially leading to an enhancement of grazing rates, mating and particle aggregation; (iii) an increase in sedimentation rates due to increased aggregation (Kiørboe, 1997) or to enhanced settling velocities (Ruiz et al., 2004) ; and (iv) an alteration of a variety of physiological processes (reviewed by Berdalet and Estrada, 2005) .
All these influences of turbulence, both at large and small scales, operating on plankton individuals, can lead to changes at the ecosystem level. These include changes in the species composition of the community (Margalef, 1978; Estrada et al., 1987) , in its size structure Malits et al., 2004; Cózar and Echevarría, 2005) and elemental stoichiometry , and even in ecosystem metabolism (Alcaraz et al., 2002; Peters et al., 2002) .
Coastal areas are boundaries between land, sea and atmosphere, and therefore are subjected to a particularly high variability in physical forcing. As a result, turbulence and its associated nutrient enrichment occur in an episodic and unpredictable manner. For example, the influence of land and its topography can considerably alter the spatial distribution of winds and turbulence (Guadayol and Peters, 2006) . Because the effects of turbulence and nutrient enrichment are highly species-specific (Peters and Marrasé, 2000; Sullivan and Swift, 2003; Piehler et al., 2004; Berdalet et al., 2007) and size-dependent (Karp-Boss et al., 1996) , the response of the pelagic ecosystem to these episodic perturbations depends on the initial composition and structure of the planktonic community (Estrada et al., 1987) . We hypothesize that, as a consequence, the response to such disturbances will change throughout the seasonal cycle following changes in the planktonic community. To test this hypothesis, we assessed the short-time reactivity to turbulence and to nutrient additions of different planktonic assemblages during an annual cycle. We monitored the responses in terms of the biomass of the osmotrophic planktonic community to simulated events of turbulence and nutrient load in a series of monthly laboratory experiments performed between June 2003 and June 2004 in a coastal area (Blanes Bay, NW Mediterranean).
M E T H O D Experimental design
From June 2003 to June 2004, a monthly experiment was performed (Table I) . Subsurface water was sampled at the Blanes Bay Microbial Observatory (41840 0 N, 2848 0 E, 800-m offshore, 20-24-m depth, Alonso-Sáez et al., 2008) . Blanes Bay is an open, shallow oligotrophic bay located 65 km north of Barcelona, between the submarine Blanes Canyon to the north and the mouth of the river La Tordera to the south. Its bottom is sandy and has a relatively steep slope ($2%, Vaqué et al., 1997) . Sampling was always conducted around 11 a.m. (local time) from a small boat. Measurements of surface water temperature, with a mercury thermometer, and Secchi disk depth were conducted in situ. Meteorological data were acquired from the nearby station of Malgrat de Mar (Catalan Meteorological Service, http://www.meteocat.net), located at 41838 0 57 00 N 2845 0 8 00 E. Sample water for the experiments was screened in situ through a 200 mm nylon mesh to remove mesozooplankton and brought to the laboratory in plastic carboys within 2 h. In the laboratory, water was distributed into 15 L cylindrical transparent methacrylate containers with an inner diameter of 24.2 cm. The basic experimental design consisted of six containers, three of them subjected to natural levels of turbulence (see below), and the other three kept still. Of each set of three containers, two received an addition of nutrients and one was left as control.
Experiments lasted for 3 days and were conducted in a temperature-controlled chamber set at the in situ water temperature. We used a combination of cool-white and gro-lux fluorescent lamps, placed vertically in parallel to the long axis of the cylindrical containers to ensure a uniform distribution of light in all enclosures. Measured light intensity inside the experimental containers was 225 mmol photons m 22 s
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, which is around the JOURNAL OF PLANKTON RESEARCH j VOLUME 31 j NUMBER 6 j PAGES 583-600 j 2009 saturating irradiance reported for this system for most of the year (200 mmol photons m 22 s
, Satta et al., 1996) . Such a light level is normal in this Mediterranean system, even in winter and with relatively high turbidity (Blanes Bay Microbial Observatory, unpublished data). The light:dark cycle was adjusted to match the in situ conditions.
Nutrient enrichment
Additions of inorganic nutrients were made to follow molar Redfield ratios (Si:N:P = 15:16:1). NO 3 2 was added at 4 mmol L
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, PO 4 32 at 0.25 mmol L
, and SiO 2 at 4 mmol L
. The addition of SiO 2 declined during the annual series as there was precipitation in the stock solution, until it reached 0.3 mmol L 21 in experiment 9 (February 2003) . From there on, a new stock solution was used. Metals were prepared as in the f/2 medium and added maintaining their proportion to nitrate. These nutrient concentrations are well below the maxima found in this area (Blanes Bay Microbial Observatory time series), which are 7.1 mmol L 21 for NO 3 2 , 1.0 for PO 4 32 and 7.6 for SiO 2 . After addition, all containers were gently stirred with a sterile plastic pipette to favour their homogenization. Samples for determination of inorganic nutrient concentration were taken from each container about 2 h after the addition. In experiment 6 (November 2003), nutrients were mistakenly added to all containers.
Turbulence generation
In order to experimentally simulate the effects of turbulent events, we used an oscillating grid system. This experimental setup has been traditionally used as a means to generate isotropic small-scale turbulence in studies of plankton dynamics (Peters and Redondo, 1997; Sanford, 1997) and of sediment resuspension (Hopfinger and Toly, 1976) . By using oscillating grids, we could generate small-scale turbulence and at the same time increase the proportion of cells kept in suspension, thus simulating a turbulent event both at the small and at the large scales.
The oscillating grid system used is described in Peters et al. . Stroke length and frequency of oscillation were set at 13 cm and 2.5 rpm, respectively. The average turbulent kinetic energy dissipation rate obtained with these settings, estimated applying equations in Peters and Gross (Peters and Gross, 1994) . As water volume was reduced owing to sampling during the experiment, the frequency of grid oscillation and the stroke length were slightly adjusted to maintain the initial dissipation rate, Ò . GUADAYOL ET AL. j CHANGE IN RESPONSE TO TURBULENCE AND FERTILIZATION EVENTS using equations in Peters and Gross (Peters and Gross, 1994) . Measurements done a posteriori with an acoustic Doppler velocimeter with these conditions (Guadayol et al., in press) (Hansen and Koroleff, 1999) with minor modifications.
Chlorophyll a concentration was determined fluorometrically (Yentsch and Menzel, 1963 ) with a Turner Designs fluorometer. Subsamples of 20 mL were filtered through Whatman GF/F filters, which were immediately immersed in 6.5 mL of 90% acetone, and kept at 48C and dark for 24 h, to allow chlorophyll extraction.
For the determination of particulate organic matter, 200-500 mL of water was filtered through precombusted (4508C, 4 h) glass fibre filters (Whatman GF/F), immediately frozen in liquid nitrogen and then stored at 2808C. For each sample, two filters were processed to estimate, respectively, the particulate organic carbon and nitrogen (POC and PON), and the particulate organic phosphorus (POP). Before analysis in a Carlo-Erba CHN analyser, the POC/PON filters were thawed in an HCl 2 saturated atmosphere for 48 h to remove carbonates, and dried at 808C for 24 h. POP was determined following the oxidation (1208C, 30 min) of the filter in acidic persulphate and subsequent colorimetric analysis of dissolved phosphate (Hansen and Koroleff, 1999) .
Samples for TP and TN where kept in acid-rinsed polyethylene tubes at 2208C. TP was determined by wet oxidation using the same procedure as for POP. TN was determined after persulphate oxidation following Hansen and Koroleff (Hansen and Koroleff, 1999) .
Abundances of bacteria and cyanobacteria (Prochlorococcus spp. and Synechococcus spp.) were determined by means of flow cytometry following methods in Olson et al. (Olson et al., 1993) and Gasol and del Giorgio (Gasol and del Giorgio, 2000) as described in Peters et al. . Bacterial average cell volume (B, mm 3 ) was estimated using the calibration function provided by Gasol and del Giorgio (Gasol and del Giorgio, 2000) :
where F bacteria is the mean value of the green fluorescence attributed to bacteria, and F beads is the mean green fluorescence of the yellow-green 1 mm Polysciences latex beads used as standard in this study. Average volume for cyanobacteria was estimated assuming a spherical shape. We used a value of 1 mm for Synechococcus spp. (Agawin et al., 1998) , and a mean diameter of 0.7 mm for Prochlorococcus spp. (Vaulot et al., 1990) .
Samples for heterotrophic nanoflagellate (HNF) and plastidic nanoflagellate (PNF) were fixed with 1.5% (final concentration) glutaraldehyde, and stained before 24 h with DAPI (4 0 ,6 0 diamidino-2-phenylindole) and then filtered through black polycarbonate filters of 0.8 mm pore size. Filters were kept at 2208C before counting with an epifluorescence microscope (Porter and Feig, 1980) . Organisms were classified in 4 size classes: ,4, 4-8, 8-16 and .16 mm. Cellular volume was estimated from the mean size of each class assuming a spherical shape.
Samples for microphytoplankton were fixed with formalin-hexamine (0.4% final concentration) and kept at 48C until analysis. Aliquots of 12-50 mL were transferred to sedimentation chambers, and left undisturbed for 24 h. Microphytoplankton was identified and counted with an inverted microscope at Â100 and Â400 magnifications (Utermöhl, 1958) . Dominant phytoplankton was identified at least to the genus level. Width and length of cells were measured for each cell or for each colony or chain, and the number of cells per aggregate was also counted. When possible, volume of each cell was calculated applying the formula provided by Hillebrand et al. (Hillebrand et al., 1999) . In radially asymmetrical cells, the closest twoparameter geometrical shape was assumed. This may have caused a bias in the estimation of biovolumes, especially when radially asymmetrical cells were dominant.
Calculations and statistical analyses
The responses of the phytoplankton to the experimental factors were quantified from the Chl a values of the water column as follows. We assumed that within the short temporal frame of the experiments, the increase in Chl a in response to the experimental factors could be adequately modelled by an exponential function. Estimations of the net growth rate of Chl a in the water column for each container were thus calculated by adjusting an exponential model to the experimental values of chlorophyll a concentration from daily samplings. The adjustment was made by non-linear least square estimation. The difference between the apparent net growth rate of turbulent and still treatments was considered as a proxy of the net response of the phytoplankton biomass to turbulence. Similarly, the difference in growth rates between enriched and control treatments was considered a proxy of the response to nutrient additions.
Sedimentation rates were derived from TP measurements. It was assumed that unlike nitrogen, which is abundant in the atmosphere and may be exchanged through the air-water interface, phosphorus had no extraneous supply or sink in the containers . Therefore, the amount of TP in each container was independent of any physical, chemical or biological processes, except for the sampling. Thus, the decay in the concentration of TP in the water column was due to sedimentation dynamics only. The calculation of net sedimentation rates was done with an exponential model of water column TP concentration against time from Day 0 to Day 3. Although this model assumes that particles remain homogenously distributed in the container, which may be unrealistic under still conditions, it was the model that best fits the experimental data in all cases. The adjustment was done by non-linear least square estimation. Sedimentation rates could only be reliably calculated for nutrient enriched containers, because differences in TP from day to day in the non-enriched containers were too close to the sensitivity of the method of analysis.
Osmotrophic plankton biomass-size spectra were calculated adjusting a Pareto type I statistical distribution (Vidondo et al., 1997) to the concentration and volume data for phytoplankton and bacterioplankton:
pdf ðsÞ ¼ cks
Àðcþ1Þ ð2Þ
where pdf stands for probability density function, s is size, and c and k are the shape and scale parameters, respectively. The c parameter is equivalent to the negative slope of the normalized biomass-size spectrum (Vidondo et al., 1997) . Thus, large values of c indicate dominance of small organisms, whereas low values are indicative of a relatively higher abundance of large organisms. Items used were the free living cells and aggregates or colonies, based on epifluorescence microscopy counts for PNF , 16 mm in diameter and Utermöhl counts for larger flagellates.
Analysis of covariance (ANCOVA) and analysis of variance (ANOVA) were performed to assess the effect of the two experimental factors, i.e. turbulence (TUR) and nutrient enrichment (NUT) on several of the sampled parameters. Further, the relevance of the initial conditions was represented by the experiment number (experiment, EXP). The ANCOVA was performed with all the available data, using as continuous predictor the sampling time (TIME), i.e. the time of microcosm sampling since the beginning of the experiment (time = 0). For each parameter, the data for the ANCOVA were standardized by dividing the values at different sampling times by the initial values of each experiment, and linearized by applying the natural logarithm. The time 0 data were excluded from the analyses of covariance. For simple comparisons, two-tailed Student's t-tests were performed. Degrees of covariation were estimated through the non-parametric Spearman's rank correlation coefficient (r s ). Unless otherwise indicated, level of significance for all statistical analyses was set to 0.05.
R E S U LT S Initial conditions
A detailed description of the annual cycle in Blanes Bay, including meteorological, hydrographical and water column data, is given elsewhere (Guadayol et al., in press ). Briefly, during summer of 2003, river discharge from the nearby river La Tordera, and thus the input of nutrients from terrestrial runoff, were low because of anomalously high air temperatures, unusual atmospheric stability and reduced precipitation (Trenberth et al., 2007) . In addition, weak winds and low wave heights may have resulted in low nutrient resuspension from the sediments. As a consequence, during the first part of the experimental series, between June and September 2003, in situ dissolved inorganic nutrient concentrations were very low. With autumn came the typical Mediterranean episodes of intense rain and subsequent increases in river flow, which drove the system to less oligotrophic conditions. Initial water conditions for the experiments are given in Table I . The water column was thoroughly mixed between October 2003 and April 2004. In summer, a shallow thermocline appeared at 2 -3 m (Vila-Costa et al., 2007) . Salinity variations were due to river discharge events and possibly to the intrusion of saline water from the submarine Blanes Canyon (Masó and Tintoré, 1991) .
In situ chlorophyll a concentration tended to increase throughout the study year (Table I ). The maximum concentration (3.93 mg L
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) was found in December 2003, after an episode of high river discharge occurred 2 weeks before, and a prolonged period of high significant wave heights that reached values of almost 5 m. Likely, some resuspension had taken place associated with the preceding stormy conditions. During the sampling for the experiment (hereafter referred as "Exp") 6 in November 2003, a large amount of the brown alga Codium sp. was observed on the beach and macrophyte detritus were seen under the microscope. The meteorological records in the previous weeks, however, do not indicate any large storm that could have resulted in resuspension.
The dynamics of both NO 3 2 and SiO 2 (Table I) were strongly linked to terrestrial runoff and more weakly to resuspension. They showed three major peaks: in sampling for Exp 5 (October 2003), Exp 7 (December 2003) and Exp 11 (April 2004). These peaks followed periods of high waves and/or river discharges (data not shown). In the last two experiments, coinciding with a persistent diatom bloom of Chaetoceros spp., silicate concentrations were at their minimum (0.07 mmol L 21 ). In contrast, PO 4 32 was apparently not related either to terrestrial runoff or to sediment resuspension driven by waves or wind, but increased throughout the period of study, from values close to the analytical detection limit in summer 2003 (between 0.02 and 0.03 mmol L
) to maximum values in winter and spring 2004. As a consequence of these different dynamics of dissolved inorganic N and P, the N:P ratios (mol:mol, Table I ) showed a wide range, from less than 3 in June 2004 to more than 300 in October 2003.
In summer 2003, phytoplankton was dominated by small microorganisms, mainly cyanobacteria and autotrophic nanoflagellates, whereas the contribution of diatoms in terms of carbon was only around 10%. For the remainder of the series, from October 2003 to June 2004, diatoms were clearly dominant except in December, when there was a peak in autotrophic nanoflagellates. In the last 3 months, there was a persistent dominance of Chaetoceros spp., which reached abundances of more than 1000 cells mL 21 .
General trends in the water column
Both experimental factors, that is, nutrient addition and turbulence, had a significant effect on all biomass parameters monitored during the 13 experiments (ANCOVA , Table II ). Nevertheless, the factor that explained the most variability in all dependent parameters, except in POP, was the experiment number (EXP), which represents the initial conditions. As expected, in all cases but for Exp 7 (December 2003), Chl a increased after addition of nutrients (Fig. 1 , see also Supplementary online colour version). This increase adjusted well to an exponential curve, and no decay was observed before the experiment was terminated. In the non-enriched treatments, Chl a either increased or remained stationary, except again in Exp 7, and in Exps 12 and 13. The observed accumulation of Chl a in the water column implies that, for this parameter, sedimentation rates were lower than the growth rates.
Bacterial abundance also responded positively to nutrient addition and turbulence (ANCOVA Table II , Fig. 2 , see also Supplementary online colour version), although the response was weaker than that of Chl a. In most experiments, the concentration increased during the 1st and 2nd day and decreased before the end of the experiment.
Diatom abundance in the water column increased in the enriched treatments in Exps 1-4 (data not shown). In those experiments, the silicate additions were close to the expected concentrations (see Methods) and the initial diatom abundances were lower than in the subsequent tests. Consistently, the slope of the biomass-size spectrum (c) decreased from the initial sample to Day 3. In Exps 5 -13, however, the diatom abundance in the seston decreased in all treatments. In these cases, the c parameter increased over time in each treatment, which indicates that smallest organisms became relatively more important by the end of the experiments. Considering the whole annual series of tests, the slopes of the size spectra showed no significant change due to turbulence or nutrient addition from Day 0 to Day 3 (ANOVA).
The PO 4 32 concentration measured 2 h following the experimental addition was always lower than expected from nutrient addition (0.17 + 0.05 mmol L 21 average +SD, n = 13). This indicates a high uptake rate of P by the initial communities. The Coherently, the SiO 2 :NO 3 2 ratio only increased in Exp 2 and in the last four experiments, suggesting a faster uptake of nitrogen than of silicate. Thus, the natural communities of the sampled system were apparently limited by P for most of the year, and by N between All dependent variables were standardized dividing by the initial values, and linearized by taking natural logarithm. Continuous predictor is TIME, the experimental sampling time. TIME = 0 were excluded from the analysis. EXP represents the experiments. Exp 6 was excluded from the analyses because there were not unenriched treatments. Also, POC water column data for Exp 2 were not available. NUT (nutrient enrichment) and TUR (turbulence) are treated as on -off variables. Degrees of freedom (df) and P-values are shown. *P-value , 0.001. The fraction of organic P that contributed to the total particulate forms (i.e. POP/TP) increased in the nutrient enriched treatments. Changes in this ratio throughout the year were most conspicuous when comparing the first sampling of each experiment, ca. 16 h after the addition of nutrients (Fig. 3) . At this time, POP/TP ratios were within a relatively narrow range in the control containers (Fig. 3A) , whereas in the fertilized treatments (Fig. 3B) showed a marked seasonal pattern, being maximum in summer experiments, and minimum in winter. In fact, they were found to be positively correlated to the photoperiod (r s = 0.75, P-value = 0.005 for still treatments, r s = 0.73, P-value = 0.006 for turbulent treatments). In subsequent days, this pattern was smoothed and eventually disappeared.
Variability in the responses
The responses of phytoplankton biomass to the experimental factors were assessed as the difference between treatment and control in chlorophyll a net growth rate in the water column (Fig. 4) . Both experimental factors triggered positive responses throughout the year, although the response to nutrient addition was higher than that to turbulence. In order to explore relationships with initial water conditions, we looked for correlations between these responses and initial conditions (Table III) .
No significant relationship was found between the response of phytoplankton biomass to turbulence and any of the initial conditions (Table III) , except for a weak correlation with photoperiod. However, there were significant differences between the seasons, whereas no differences were found due to enrichment in the response to turbulence (ANOVA, Adj. R 2 = 0.28, P-value = 0.028). The post hoc Tukey analysis showed the response in spring to be higher than in summer (P-value = 0.027) and in autumn (P-value = 0.075).
The response to nutrient addition was positively although weakly correlated to both photoperiod and temperature, and more strongly correlated to Secchi depth (Table III) . It was strongly and negatively correlated to the concentration of dissolved inorganic N ( particularly to NO 3 2 ) and to SiO 2 . An ANOVA (Adj. R 2 = 0.48, P-value = 0.006) revealed that differences in the response to nutrients among seasons were also significant, whereas no differences were detected between still and turbulent treatments. The post hoc Tukey analysis showed that response in autumn was lower than in spring and summer. Levene's test indicated that the data had no homogeneous variance, but the nonparametric Kruskal -Wallis test (H (3,24) = 12.98, P-value = 0.005) confirmed the results of the ANOVA.
Sedimentation
After resuspension, all biomass parameters (Chl a and particulate organic matter) were significantly higher in enriched treatments than in controls (ANOVA, Table IV ). The same holds in turbulent enrichments, except for POC. In Fig. 5 , the chlorophyll values estimated in the turbulent treatments are plotted against the values in the still ones, considering the results of the 13 experiments, but grouped for each sampling day (1 -3) and after resuspension. The Spearman's correlations between turbulent and still for each day's dataset were all significant (r s . 0.92; P-value , 0.001). The slope of the best fit linear regression model (y=ax) between still and turbulent treatments increased during the experiment, from 1 at the initial time, to ca. 1.6 on Day 3, and then it decreased back to ca. 1.1 after resuspension (Fig. 6 ). This pattern, observed for Chl a, was also seen for POC and PON, and less clearly for TN (Fig. 6) . On the other hand, the slopes corresponding to the POP and TP values were close to 1 for all sampling times, and even lower after resuspension. This indicates that POC and PON were accumulating in the sediment at a higher rate under still conditions, whereas POP showed no difference due to turbulence. Thus, the PON:POP ratio (or POC:POP) in the water column should be relatively higher under turbulent conditions. The PON:POP and POC:POP ratios should also be higher in the sediment than in the water column. An ANOVA with the ratio PON:POP of Day 3 revealed differences between sediment and water column and between enriched and control treatments. A post hoc Tukey test confirmed that those ratios were higher in the sediment. However, the differences between water column and sediment were significant only in still conditions, not under turbulence. Thus, turbulence smoothed the differences in PON:POP ratio between water column and sediment.
Net sedimentation rates calculated from TP ranged between ca. 0.09 and 0.25 day
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. Only rates for Fig. 3 . Contribution of the organic phosphorus fraction to the total phosphorus particulate forms (POP/TP, in %), estimated 16 h since the nutrient addition at the beginning of the experiment in the control treatments (A) and in the nutrient enriched treatments (B). Error bars represent standard deviations of the replicates. White bars correspond to the still microcosms and the black ones to those exposed to turbulence. 
Ò . GUADAYOL ET AL. j CHANGE IN RESPONSE TO TURBULENCE AND FERTILIZATION EVENTS
enriched containers were calculated, as in unenriched containers the differences between initial and final TP concentrations were very small, and an exponential decay was often not clearly observed. In the turbulent treatments, net sedimentation rates were significantly lower ( paired t 12 = 3.22, P-value = 0.007), although differences in rates between still and turbulent treatments were relatively small (0.03 day 21 on average). Data on phytoplankton abundance after resuspension were not available for all experiments, only for Exp 4, and for Exps 6 to 13. Even so, differences in abundance before and after resuspension were highly significant for the main phytoplankton groups, that is for diatoms ( paired t 35 = 5.61, P-value , 0.001), coccolithophorids ( paired t 35 = 6.73, P-value , 0.001) and dinoflagellates ( paired t 35 = 2.41, P-value = 0.021). The most conspicuous differences were found in diatom abundances, which in many cases were larger after resuspension by more than one order of magnitude.
D I S C U S S I O N Experimental versus natural conditions
Our experimental setup was designed to simulate the effects of a turbulent event of standard intensity and duration in a coastal zone. Therefore, we used turbulence levels and nutrient enrichments within the range of conditions that could be reasonably found in the Blanes Bay coastal ecosystem. Our estimates of the experimental turbulence were in the range 10 23 -10 22 cm 2 s 23 . These levels of dissipation could be generated at 1 m depth (below the wave-affected surface layer, Stips et al., 2005) by wind speeds between 2 and 5 m s 21 (calculated from equation 5 in MacKenzie and Leggett, 1993) . In this zone, the average frequency of wind events with a mean intensity of 5 m s 21 and a minimum duration of 3 days is of 1.5 season 21 (calculated applying equation 8 in Guadayol and Peters, 2006 , using parameters estimated from the nearby meteorological station of Malgrat de Mar between years 1990 and 1997). Unlike other zones of the Catalan coast, spring is the season with the highest frequency of low intensity wind events, such as the ones simulated in this study. High intensity events are more frequent in autumn (Guadayol and Peters, 2006) . Similar studies with natural osmotrophic communities from coastal waters of the NW Mediterranean (e.g. Arin et al., 2002; Malits et al., 2004) did not consider the seasonal variability, and used higher turbulence intensities (0.018 to 0.055 cm 2 s
23
) and longer experiments (4 -8 days). Despite the realistic moderate forcings of the present study, the effect of both turbulence and nutrient enrichment on chlorophyll and particulate organic matter production was found to be highly significant (Tables II and IV) .
Performing a time series of microcosm experiments throughout a seasonal period offers additional challenges compared to single experiments. In order to isolate the effects of the experimental factors, all other parameters should be held constant across the experiments. However, temperature and photoperiod, which vary seasonally and with potentially large influence on system metabolism at mid-latitudes, were adapted to in situ values. Other initial conditions such as light intensity and quality were held constant across experiments. These parameters change at very short time scales, and there was no way to be certain that conditions at the time of sampling were representative of a particular month. On the other hand, we did not want to reproduce or study the effect of the rapid variability Fig. 6 . Slopes of the best fit regression models of the form y = ax, where y is the value of the parameter in the turbulent treatment, and x is the value in the still one. Vertical bars represent the confidence intervals at 95%.
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in light intensity and quality (through changing cloud cover for instance). Therefore, we chose a constant light level, low enough as to be very common in these Mediterranean waters even in winter, but high enough as to be saturating for primary producers (Satta et al., 1996) . In this way, we ensured that all phytoplankton communities would be growing at the maximum rate allowed by the nutrient and turbulent conditions, which were the factors under consideration.
Another factor that has to be taken into account in microcosm experiments is the size of the enclosures, which poses a limit on which organisms can be studied. The abundance of any given taxon depends on the size of the organisms and on the taxonomic level. The estimates of abundance of scarce organisms can lead to biased conclusions, because of large estimation errors and low statistical power. To avoid these, we have restricted our analyses to general biomass indexes (like chlorophyll a and bacterial carbon concentrations, or particulate organic matter), and to the dominant plankton groups (such as diatoms). On the other hand, we did not specifically examine the dynamics of relatively large and/or scarce organisms (such as ciliates, copepod nauplii or dinoflagellates).
Common trends
Turbulence significantly increased Chl a within the experimental system at all times of the year, when considering only the water column (ANCOVA, Table II, Fig. 1 ), and also after including resuspended sediment (ANOVA, Table IV, Fig. 6 ). The mechanisms for this enhanced production in the water column may include some or all of the following: (i) increased nutrient flux towards large osmotrophs (Karp-Boss et al., 1996; Peters et al., 2006) , (ii) differential sedimentation, (iii) differential grazing (Peters et al., 1998 , and (iv) increased growth rate of phytoplankton. Although we did not measure grazing losses (iii), they are not likely to play a major role in the dynamics of microphytoplankton in this experimental setup. First, because at these low levels, turbulence is more likely to have a positive than a negative effect on grazing rates through the enhancement of encounter rates. Therefore, the expected outcome, if any, would be a negative indirect effect on net phytoplankton growth. Second, because larger predators of large osmotrophs, if present, were mostly screened out by a 200 mm nylon mesh at the beginning of the experiment. Third, because the duration of the incubations was too short to allow any significant copepod development from earlier stages. Regarding the phytoplankton growth rate (iv), certain phytoplankton species have been seen to grow better in experiments with cultures, especially under moderate turbulence conditions like those used here (e.g. Sullivan and Swift, 2003; Havskum et al., 2005; Havskum and Hansen, 2006) . This enhancement has been attributed to the increased gas exchange which avoids excessively high pH (Havskum and Hansen, 2006) . Although aeration may play a role in the present study, the concentrations of autotrophic biomass reached were much lower than in those experiments, and pH did not noticeably increase as a result of turbulence (data not shown). Thus, the most likely mechanisms for the observed increase of phytoplankton biomass under turbulent conditions are the increase of nutrient flux (i) and the decrease of net sedimentation (ii).
The decrease in diatom concentration during most of the experiments, as well as its increase after resuspension on Day 3, suggest that at the relatively low turbulent levels used in this study, sedimentationresuspension dynamics is playing a major role. The decrease after resuspension in the turbulent versus still slopes shown in Fig. 6 for several parameters can only be explained by different sedimentation -resuspension dynamics in still and turbulent conditions. The robustness of this relationship suggests that these dynamics are, within the experimental containers, fairly constant throughout the year, regardless of different size structures and physiological states of the planktonic community. However, even though the slope is less steep after resuspension, its deviation from the 1:1 line (Figs 5 and 6) implies a higher biomass production in the turbulent containers, as already seen from ANOVAs. Once large cells are either kept in suspension and/or resuspended to a higher degree owing to turbulence, the increase in nutrient flux towards cells can keep populations growing and/or in a better physiological state.
Bacteria also showed a significant response to turbulence and enrichment, although this was low compared to that of phytoplankton (Fig. 2) . Their growth did rarely exhibit an exponential pattern. Most often they increased in number at the beginning of the experiment, and then stabilized or decreased. This pattern is commonly observed in this kind of experiments (e.g. Arin et al., 2002; Malits et al., 2004) . In longer experiments (at least 8 days), a second peak of bacterial concentration following the chlorophyll a maximum is commonly observed. Such a post-bloom phase peak is triggered by the release of dissolved organic material from phytoplankton and their predators (Malits et al., 2004; Pinhassi et al., 2004) . In these situations, the observed effects on bacterial concentration during this phase can be a consequence of higher phytoplankton growth, rather than of any direct influence of turbulence or of nutrient addition. However, given the duration of our experiments, the significant response to the experimental factors is more likely to reflect immediate effects in bacterial populations. Since bacteria are smaller, sedimentation-resuspension dynamics are much less important than for phytoplankton (e.g. Peters et al., 1998) , and observed changes in abundance are likely to reflect small-scale turbulence effects.
The natural levels of turbulence used in this study should in theory not directly affect bacterial uptake rates of substrates of low molecular weight (Peters et al., 1998; Malits et al., 2004) . This is because the increase in uptake rates due to small-scale turbulence depends on the size of the organism (Karp-Boss et al., 1996) . The consistent positive response to turbulence observed in this study is most likely due to indirect effects through changes in trophic web interactions, as suggested by Peters and co-authors (Peters et al., 1998; Peters et al., 2002) . According to these studies, under turbulent conditions phagotrophic flagellates increase their grazing pressure on cyanobacteria and small autotrophic flagellates, which are more nutritious, reducing as a consequence their pressure on bacteria.
POP showed a different behaviour compared to PON and POC. In the first place, particulate organic matter was richer in P in the water column than in the sediment. This suggests that either both PON and POC are sedimenting at a higher net rate than POP, or P has a shorter residence time in the sediment. In this respect, it is known that organic P is remineralized more rapidly than C both in the dissolved (Clark et al., 1998) and in the particulate fractions (Faul et al., 2005) .
Moreover, the ratios between biomass parameters in still and in turbulent treatments throughout the experiment (Fig. 6) indicate a different response to turbulence of P with respect to that of N and of C in the particulate fraction. We did not directly measure sedimentation of particulate organic matter but some insight can be gained from budget analysis. Net sedimentation rates of TP were higher in still than in turbulent containers, but the differences were very small (0.03 day 21 on average), when compared with the differences between chlorophyll a growth rates of the two treatments (0.15 day 21 on average). Furthermore, neither TP nor POP showed any difference at any sampling time between still and turbulent treatments, which also indicates a low effect of turbulence in P net sedimentation rates. In contrast, the ratios of POC and PON between turbulent and still treatments were increasing throughout the experiments, and then returned to values close to 1 after resuspension (Fig. 6 ), indicating differences in net sedimentation rates due to turbulence.
As a consequence, POC and PON were higher in the water under turbulent conditions. The outcome is that turbulence relatively increased the PON:POP ratio in the water column, decreasing differences with the sediment. Similarly, Maar et al. found higher PON:POP, POC:POP and living C:POP ratios under turbulent conditions after 4 days of experimentation. They interpreted this finding as an effect of small-scale turbulence on turnover rates of P, which they found to be higher under turbulent conditions as predicted from theory (Karp-Boss et al., 1996) . In a mesocosm study, Eppley et al. (Eppley et al., 1978) found N:P utilization ratios to be lower in stirred than in unstirred enclosures, implying also a higher turnover rate for P under turbulent conditions. These authors concluded that differences in utilization ratios were likely due to different dynamics of the water column. However, this study may be not comparable to ours, since turbulence was introduced daily for a short time with the aim of avoiding sedimentation and promoting resuspension of large cells.
Sedimentation -resuspension dynamics can also add to the interpretation. Small particles, such as bacteria and cyanobacteria, settle at a slower rate than larger phytoplankton. In fact, no differences in sedimented bacteria can be observed between still and turbulent treatments, even at the higher levels of turbulence used in other studies (Peters et al., 1998) . Thus, if there is differential sedimentation of nano-and microphytoplankton due to turbulence but not of bacteria, the percentage of bacteria in the water is expected to be higher in still than in turbulent conditions. Bacteria have N:P ratios of around 10:1 (Fagerbakke et al., 1996 , and references therein), lower than phytoplankton. Consequently, an increase in the proportion of bacteria in the water can partly explain the decrease of PON:POP in the water column, particularly under still conditions. However, this hypothesis is not supported by the percentage of heterotrophic bacteria in our experiments, which was found not to be significantly affected by turbulence (ANCOVA, data not shown). Furthermore, Arin et al. found lower percentages of heterotrophic C under turbulent conditions.
In the field, some increases in biomass associated with turbulent episodes are not related to enhanced growth rates, but to resuspension from the sediment of benthic autotrophic flagellates (Garstecki et al., 2002) , which may not contribute to the primary production in the water column, and may rapidly settle back when turbulence falls below a critical value. This could explain the dynamics found in Exp 7, which were very different from the other experiments. The observed decline in biomass parameters was likely caused by sedimentation. The initial chlorophyll a was unusually high for this system, and the phytoplankton community was dominated by autotrophic nanoflagellates. This coincided with the absolute maximum in NO 2 2 , and also with relative maxima in NO 3 2 , NH 4 + and SiO 2 concentrations (Table I) . This anomalous behaviour can be explained by previous meteorological conditions. During the first half of the month, a steady wind from the NE blew, and the significant wave height reached values of almost 5 m (Guadayol et al., in press ). This probably led to an intense resuspension event, detected by a minimum in the Secchi disk record, which explains the maxima in Chl a and nutrients observed and the tendency to sink during the experiment.
Temporal dynamics of the responses
Our aim was to evaluate the role of the initial phytoplankton composition over the year on the short-time responses to experimental factors assessed in terms of bulk biomass parameters such as chlorophyll a concentration. We did not seek to detect changes in terms of phytoplankton taxonomic composition. In long-time enclosure experiments (e.g. 20 days), it is common to find that during the first stages (e.g. 6 days) the response to experimental factors in terms of chlorophyll a is mainly due to diatoms (Estrada et al., 1987; Estrada et al., 1996) . Other phytoplankton groups, such as haptophytes, dinoflagellates and nanoflagellates, become dominant in later stages of the succession. Large diatoms are particularly favoured by turbulence, because of their life strategy (Margalef, 1978; Smetacek, 1985) and size . Thus, the absolute and relative amount of diatoms should be reasonably good predictors of the capability of the system to quickly respond to turbulence and nutrient enrichments. However, in the present study, the responses in terms of chlorophyll a growth rate were not found to be significantly related neither to the proportion and abundance of diatoms, nor to the size structure of the community (Table III) . On the other hand, responses to experimental factors, particularly to nutrient fertilization, were related to initial physicochemical conditions. This apparent minor role of diatoms could be caused by a low Si concentration of enrichments, which could limit diatom growth in some of the experiments, or stimulate sedimentation (Bienfang et al., 1982) . However, the Si:N ratio in the water column either did not change throughout the experiments or increased, suggesting no general limitation by silica. Then, why is the response to turbulence not related to the initial community, as was hypothesized? In particular, why did diatom-dominated communities not respond more strongly? Two complementary explanations can be put forward.
The first explanation is related to the realistic intensity of the experimental factors, which was lower than in many similar experiments (e.g. Estrada et al., 1996; Arin et al., 2002; Cózar and Echevarría, 2005) . Under such moderate levels of turbulence, sedimentation seems to play an important role. The abundance of diatoms decreases in all experiments but the first four, in which diatom net growth rate seems to be overcoming net sedimentation rate. Diatoms, even if they benefit from the small-scale turbulence generated, may not remain in the water column long enough to show a significant advantage in terms of biomass.
The second explanation is that the time scale used in these experiments was very short. Turbulence increases the uptake rate of solutes, and this enhancement is higher the larger the osmotroph (Lazier and Mann, 1989; Karp-Boss et al., 1996; Peters et al., 2006) . However, this benefit is relative, and the smallest osmotrophs still have the highest bulk uptake and growth rates. The advantage of diatoms becomes important when compared to similar-sized osmotrophs, like dinoflagellates. Microphytoplankton blooms are hypothesized to occur because grazing control on smallest organisms is stronger, and occurs at shorter time scales than on large osmotrophs (Kiørboe, 1993; Thingstad, 1998; Irigoien et al., 2005; Kiørboe, 2008) . In this series of experiments, the size-spectrum slopes increase in all experiments and treatments except in the first four. This shows that most of the observed response in chlorophyll a in the water column must be attributed to picophytoplankton. Although diatoms are able to bloom in 3 days (e.g. Estrada et al., 1996) , picophytoplankton is still better suited to take advantage of the moderate nutrient forcing.
It was the purpose of our study to adjust the intensity and duration of experimental factors to realistic forcings found in Blanes Bay. Such moderate episodic events of turbulence and/or nutrient fertilization indeed affect the trophic status of the ecosystem, and can therefore influence the successional pattern at a seasonal time scale. However, the initial response to these events seems to be independent of the stage of the succession, or more precisely, the smallest fraction is responsible for the initial response regardless of the community composition and structure. Blooms of microphytoplankton, and particularly of diatoms, may require more time and/or stronger perturbations to develop. The differences in response due to initial community composition are usually detected after several days (Estrada et al., 1987) , or under more intense forcing (Estrada et al., 1996) . Diatom growth is often detected in similar experiments, provided that nutrient enrichment and turbulence are high enough (e.g. Oviatt et al., 1981; Estrada et al., 1987; Petersen et al., 1998; Arin et al., 2002; Cózar and Echevarría, 2005) . Diatom blooms may be seemingly expected to develop only when the perturbation surpasses a certain threshold of intensity, which is likely dependent on the system and the season. This is relevant in scenarios of increasing input of nutrients in coastal zones due to anthropogenic environmental perturbations (Vollenweider et al., 1996) , and of higher frequency and intensity of extreme hydrological phenomena (Trenberth et al., 2007) . Even though the open ocean water column stability is expected to increase due to global warming (e.g. Sarmiento et al., 2004; Falkowski and Oliver, 2007) , more intense and frequent forcing events, especially in coastal areas, may translate into a higher system production, including diatoms (Peters, 2008) . Thus, determining the thresholds of duration and intensity necessary for the development of diatom blooms becomes important for predicting the fate of the new production after a perturbation.
The maximum responses of Chl a to turbulence throughout the year were found in spring (Fig. 4A) , coinciding with the period of maximum frequency of moderate wind events (Guadayol and Peters, 2006) . Nevertheless, this does not imply a better adaptation of the community to turbulence. For example in Exp 1 (spring 2003), the response was the maximum of the whole series, but wind speeds and waves, at the time of sampling and several days before, were unusually low (Guadayol et al., in press ). Moreover, although the frequency of moderate wind events is lowest in autumn in this particular area of the Catalan coast (Guadayol and Peters, 2006) , the significant wave height in 2003 during this season was maximal, reaching over 4 m. The size structure of the community and its composition did not explain the changes in the responses either. These were not found to be directly related to any seasonal parameter, except for a weak relationship with the photoperiod (Table III) . Thus, the response of the plankton community to turbulence has been seen to be independent of other external factors.
In contrast, the response to nutrient enrichment was more dependent on initial conditions. It showed a moderate seasonal component, being positively correlated with the photoperiod and daily irradiance, as well as with water temperature (Table III) . A similar pattern is observed in the POP/TP ratio after 1 day of nutrient enrichment ( Fig. 3B) , which was also correlated with the photoperiod. Additionally, in the analysis of covariance (Table II) , the interaction EXP Â NUT was found to be significant (except for PON), indicating a different response to nutrient enrichment throughout the year. These seasonal patterns are not related to the size structure of the community, which did not follow a seasonal curve because in summer 2004 diatoms (Chaetoceros spp.) were dominant and the slopes of the size spectra were low.
Correlations with seasonal parameters, such as temperature, photoperiod or irradiance, suggest that the changes throughout the year in the responses, especially to enrichments, could be due to the differences in conditions of growth not related to the experimental factors. Particularly, we would expect that any environmental change with a positive effect on phytoplankton growth, such as nutrient enrichment or turbulence, will be magnified by the number of hours to grow, i.e. by the photoperiod. Simply, given that there are some differences in specific growth rates due to experimental factors, the divergences in terms of absolute biomass between the treatments will be larger as phytoplankton have more time to grow. In a similar way, temperature may play a role since metabolic rates are exponentially related to temperature (e.g. Brown et al., 2004) . One might suggest that this seasonal pattern could also be explained by photoinhibition during winter or at least by the presence in summer of phytoplankton better adapted to high levels of light. However, the experimental light intensity (225 mE m 22 s 21 ) is common for this Mediterranean system even in winter (Blanes Bay Microbial Observatory, unpublished data).
The influence of other parameters, not directly related to seasonality, on the pattern of variability of the responses to nutrients cannot be ruled out. Actually, the strongest correlations were found with Secchi depth, and with N and Si concentrations. The fact that the response was inversely related to the initial concentrations of NO 3 2 and SiO 2 but not of PO 4 32 , suggests that there was a general limitation either by N and/or by Si. However, this is a system generally found to be limited by P (Lucea et al., 2005; Pinhassi et al., 2006) . Furthermore, the N:P utilization ratios in the enriched treatments were above the Redfield ratio only in 4 of the 13 experiments (data not shown), and the NO 3 2 :PO 4 32 ratio similarly increased in the water column of the enriched treatments in most of the experiments. The concentration of PO 4 32 in the water, due to its high turnover rates (Benitez-Nelson, 2000, and references therein), may be a poor estimator of the P dynamics in the water column (Pomeroy, 1960; Hecky and Kilham, 1988) , and therefore of any systemic limitation by this element. The high turnover rates, together with the luxury consumption, make the PO 4 32 signal after an enrichment episode highly ephemeral. Thus, the measured concentration of inorganic phosphorus after 2 h of addition is always lower than expected. In contrast, both NO 3 2 and SiO 2 , as well as the Secchi depth, are good indicators of recent events of terrestrial runoff and/or wave induced resuspension of sediments, and have therefore highly episodic dynamics in this coastal system. The correlation they show with the response to nutrient enrichment could reflect the importance of nutrient input history. Response to nutrient enrichment is lower if the system has recently come through a nutrient fertilization event, whereas it is larger when the community is nutrient starved, whatever the limiting element. For example, in October 2003, after a strong river discharge event, bacterioplankton was not limited by phosphorus (Pinhassi et al., 2006) , despite an N:P ratio much higher than the Redfield ratio.
C O N C L U S I O N S
Although laboratory experiments are only approximations that cannot fully reproduce the complexity of environmental variability, ecologically relevant information can be obtained from these studies. The response of the community to laboratory turbulence is quantitatively variable in time, but does show very robust qualitative regularities. Under the moderate, "realistic" experimental conditions used in this study, both nutrient addition and turbulence triggered a highly significant increase in chlorophyll a concentration. In the case of turbulence, these increments could be due to direct effects of small-scale turbulence or to altered sedimentationresuspension dynamics under turbulent flow, as expected in natural conditions as well. The dynamics of POC and PON differed from that of POP, indicating different sedimentation rates and/or different turnover rates. In general, POC and PON were accumulated in the sediment at a higher net rate. Turbulence slightly modified this pattern by relatively increasing the N:P ratio of the particulate organic matter in the water column.
There were considerable changes in the phytoplankton response to experimental factors throughout the year, but on the short-time scales considered, no relationship was apparent between these responses and the initial phytoplankton composition and size structure. The changes in the response to nutrient fertilization were related to seasonal forcings, namely photoperiod and temperature, and also to the recent availability of nutrients, whereas the response to turbulence was found to be only weakly seasonal. The input of nutrients from runoff in coastal zones has been increasing during the last century due to anthropogenic environmental perturbations (Vollenweider et al., 1996) . The frequency and intensity of extreme hydrological phenomena is predicted to increase during the next decades (Trenberth et al., 2007) . The ability of the plankton community to respond to these forcings is of importance to understand the flux of carbon in coastal systems. The results of this study suggest that the capacity of phytoplankton to react quickly to episodic nutrient events depends on the trophic state of the system. We found that the maximum responses when the frequency of nutrient inputs was lower. In contrast, phytoplankton response to turbulence seems to be independent of the frequency of turbulent episodes.
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